he implantation of additional, sulcus-fixated multifocal intraocular lenses (MIOLs) enables either a subsequent compensation for the lack of accommodation in already pseudophakic eyes or a simultaneous compensation during cataract or refractive lens surgery. [1] [2] [3] [4] Advances in the field of additional, sulcus-fixated IOLs offer new opportunities in correcting refractive errors or satisfying the patient's wish for reading without glasses.
O R I G I N A L A R T I C L E
he implantation of additional, sulcus-fixated multifocal intraocular lenses (MIOLs) enables either a subsequent compensation for the lack of accommodation in already pseudophakic eyes or a simultaneous compensation during cataract or refractive lens surgery. [1] [2] [3] [4] Advances in the field of additional, sulcus-fixated IOLs offer new opportunities in correcting refractive errors or satisfying the patient's wish for reading without glasses. 1, 2 Results achieved in previous studies have been promising. [3] [4] [5] [6] [7] Two types of sulcus-fixated MIOLs have recently become available on the market: the Sulcoflex 653F lens from Rayner Surgical GmbH (Bamberg, Germany) is a one-piece acrylic IOL based on the refractive principle and the MS 714 PB Diff lens (Dr. Schmidt Intraocularlinsen GmbH, St. Augustin, Germany) is a three-piece silicone IOL with a diffractive optic. Due to their different materials, designs, and optical principles, both lens types may have inherent advantages and disadvantages.
In this study, we compared the optical performance and the manual handling of both MIOL models.
PATIENTS AND METHODS
This prospective, randomized, monocentric clinical case series included 68 eyes of 40 patients. Standard cataract surgery was performed and an acrylic monofocal IOL (MC 6125 AS; Dr. Schmidt Intraocularlinsen GmbH) was implanted into the capsular bag, followed immediately by implantation of an additional MIOL into the sulcus ciliaris. Patients were randomly assigned to receive either the Rayner Sulcoflex Multifocal 653F (refractive Sulcoflex 653F group; 35 eyes, 19 T ABSTRACT PURPOSE: To compare visual outcome and manual handling of additional multifocal sulcus-fixated intraocular lenses (IOLs) of different materials and lens concepts.
METHODS:
Visual outcomes after implantation of a monofocal IOL in the capsular bag followed by implantation of a sulcus-fixated multifocal IOL (MIOL) in patients with cataract were assessed. Patients were randomly assigned to receive either the refractive Sulcoflex 653F (Rayner Surgical GmbH, Bamberg, Germany) (35 eyes) or the diffractive MS 714 PB Diff (Dr. Schmidt Intraocularlinsen GmbH, St. Augustin, Germany) (33 eyes) additional MIOL. Three months postoperatively, visual acuity at far, intermediate, and near distance and contrast sensitivity under different conditions were evaluated. Patients with binocular implantation were asked to rate their subjective quality of vision.
RESULTS:
No complications occurred during or after surgery. No significant differences in uncorrected and corrected distance visual acuity at all distances were found between groups. All eyes achieved uncorrected visual acuity of 0.3 logMAR (20/40 Snellen) or better at all distances. Contrast sensitivity was significantly better in the diffractive MS 714 PB Diff group than in the refractive Sulcoflex 653F group under all conditions. The refractive Sulcoflex 653F group experienced more photic phenomena (81%) than the diffractive MS 714 PB Diff group (25%), but the disturbances were scored as mild to moderate in most cases (93%/100%). The unfolding procedure of the acrylic Sulcoflex 653F IOL was smoother and more controllable than that of the silicone MS 714 PB Diff IOL. Inclusion criteria were age between 40 and 80 years, a supposed postoperative visual acuity of 0.30 logMAR (20/40 Snellen) or better, an anterior corneal astigmatism of less than 1.0 diopter (D), and the willingness and sufficient cognitive awareness to comply with the examinations. Patients with previous ocular surgery or any other eye disorder, apart from cataract, that might significantly impair vision were not enrolled.
CONCLUSIONS:
All surgical and study procedures followed the tenets of the Declaration of Helsinki. The study protocol was approved by the local ethics committee and all patients gave written informed consent.
IOL CharaCterIstICs and surgICaL teChnIque
All patients first received the monofocal MC 6125 AS posterior chamber IOL, which is a one-piece lens made of hydrophilic acrylic with a biconvex optic design and an aspheric (aberration-neutral) anterior and spherical posterior surface with a 360° sharp squareedge. The overall diameter of the lens is 12.5 mm and the diameter of the lens optics is 6.0 mm.
The additional MIOL implanted in the refractive Sulcoflex 653F group (Figure 1) is a one-piece lens made of hydrophilic acrylic with a convex-concave optic design and an anterior haptic angulation of 10°. The lens has a multi-zoned refractive anterior optic surface (aspheric design) with five annular areas that alternately provide far and near vision. The odd zones 1, 3, and 5 offer distance vision and the even zones 2 and 4 offer near vision with an additional refractive power of +3.5 D at IOL plane. Depending on pupil size, the typical light distribution of the MIOL is 60% for distance and 40% for near vision. The overall diameter of the lens is 14.0 mm and the diameter of the lens optics measures 6.5 mm.
The additional MIOL implanted in the diffractive MS 714 PB Diff group (Figure 1) is a three-piece IOL made of silicone elastomer with a convex-concave optic design, 10° anteriorly angulated, modified C-Loop polymethylmethacrylate haptics. The lens uses a combined diffractive and refractive optic design. The central part (3.6 mm) of the anterior surface consists of a phase grating, which simultaneously creates a far and a near focus with an additional refractive power of +3.5 D at the IOL plane. The phase grating comprises nine concentric rings whose step height and width is gradually reduced toward the periphery. The peripheral monofocal aspheric refractive zone supports distance vision when the pupil is dilated. The diameter of the haptic is 14.0 and 6.5 mm of the lens optics.
The lens power for the monofocal IOL was calculated with the IOLMaster (Carl Zeiss Meditec, Jena, Germany) using the Holladay formula. Target refraction was emmetropia with preference for slightly positive values. Only additional MIOLs with a spherical equivalent of 0.0 D were used.
All surgeries were performed by the same surgeon (JS). First, a standard sutureless microincision phacoemulsification and implantation of the monofocal IOL in the capsular bag were performed. The size of the temporal limbal incision was made in accordance to the size of the injector system (refractive Sulcoflex 653F group: AccuJect 2.2, Medicel AG, Berneck, Switzerland; diffractive MS 714 PB Diff group: ISH-001, Hoya Surgical Optics, Frankfurt/Main, Germany) used for the additional lens inserted afterward. The incision measured 2.5 mm in the refractive Sulcoflex 653F group and 2.8 mm in the diffractive MS 714 PB Diff group to enable the insertion of the injector into the anterior chamber. After filling the ciliary sulcus with a viscoelastic (Healon; Abbott Medical Optics, Santa Ana, CA), the leading haptic of the additional MIOL was inserted into the sulcus and the second haptic was positioned by a rotary motion with the help of an iris hook. Using irrigation and aspiration, viscoelastic material was first removed between the lenses and subsequently from the area in front of the additional MIOL. To prevent the potential risk of an iris capture in patients with very large pupils, a myotic (Miochol-E; Novartis Pharma Stein AG, Stein, Switzerland) was administered to narrow the pupil until the iris had covered the edge of the implant. After surgery, patients were routinely treated with local steroids and antibiotics.
CLInICaL examInatIOns and OutCOme measures
The preoperative examinations included subjective refraction, corrected distance visual acuity (CDVA), assessment of the anterior and posterior eye segment, keratometry, biometry (IOLMaster and Pentacam; Silicone-Diffractive vs Acrylic-Refractive Supplementary IOLs/Schrecker et al Oculus Optikgeräte GmbH, Wetzlar, Germany), intraocular pressure, and pupil size measurements.
Three months postoperatively, all patients had a complete reexamination. Corneal surface measurements were performed with the Pentacam to assess potential changes in corneal astigmatism, which was defined as the absolute value of the difference between the simulated keratometric (K) values. Visual acuity measurements included uncorrected and corrected distance distance (UDVA, CDVA), Uncorrected and distance corrected intermediate (UIVA, DCIVA), and uncorrected and distance corrected near (UNVA, DCNVA) visual acuity. Distance visual acuity was measured with optotypes according to DIN EN ISO 8596 at a distance of 5 m. Intermediate visual acuity was measured at 1 m with the Logarithmic Visual Acuity Chart "EDTRS" 2000. Measurement of near visual acuity was performed using Radner reading charts at a distance of 40 cm. Binocular visual acuity measurements at all distances were performed only in patients who had bilateral implantation of the studied lenses.
Based on the CDVA, monocular defocus curves were obtained by measuring visual acuity with a subsequent defocus from +2.00 to -5.00 D in 0.5-D steps of spectacle defocus.
Monocular functional acuity contrast test (F.A.C.T.) with and without glare was performed using the Contrast Sensitivity Tester 1800 (CST 1800; Vision Sciences Research Corporation, San Ramon, CA) at two different luminance levels (85 cd/m²: 'high photopic' and 6 cd/m²: 'low photopic').
Pupil diameter was measured with a Goldmann Perimeter (Carl Zeiss) under high and low photopic conditions (100 and 6 cd/m², respectively). The ambient luminance was checked with a luxmeter (Voltcraft MS-1500; Conrad Electronic SE, Hirschau, Germany).
To assess overall patient satisfaction, subjective quality of vision, and the incidence of photic phenomena, patients with bilateral MIOL implantation completed a subjective questionnaire 3 months after the second eye underwent surgery. Participants who were enrolled with only one eye because of an already existing monolateral pseudophakia with a multifocal optic or because the non-study eye did not fulfill inclusion criteria were excluded from this survey. The used questionnaire was set up according to the requirements of the DIN EN ISO 11979-9 (MIOLs) following the Cataract TyPE Spec of Javitt et al. 8 Some changes were made in the questions about impairment in daily life to comply with common activities of older people in Germany.
Patients were asked to rate the quality of vision without glasses for distance and near under different lighting conditions (scoring options: very satisfied, satisfied, average, dissatisfied, very dissatisfied). They also indicated whether any kind of photic phenomena had been present (response options: glare, halos, blurry vision, optical distortion, none), the level of 
statIstICaL anaLysIs
Statistical analysis was performed with the IBM SPSS version 20 (SPSS, Inc., Chicago, IL). Distance, intermediate, and near visual acuities were converted from decimal units into the logMAR scale for further analysis. Variables were described by mean, standard deviation, median, minimum, and maximum. To test differences between the two groups, the non-parametric MannWhitney U test for unpaired samples was performed.
Differences related to gender were tested using the chisquare test of independence. Intergroup differences were checked with the paired Wilcoxon test. A P value of less than .05 was considered statistically significant.
RESULTS
Thirty-five eyes of 19 patients received the Sulcoflex 653F IOL (refractive Sulcoflex 653F group) and 33 eyes of 21 patients received the MS 714 PB Diff IOL (diffractive MS 714 PB Diff group). Sixteen patients in the refractive Sulcoflex 653F group and 12 patients in the diffractive MS 714 PB Diff group had bilateral implantation. Table 1 shows the patient demographics and the comparison of preoperative data of the study cohorts.
The postoperative course was uneventful in all cases. All lenses were symmetrically fixed in the capsular bag and sulcus with no noticeable decentration or tilt. No explantations or exchanges of IOL were required. Due to the properties of the silicone material, the MS 714 PB Diff IOL unfolded relatively fast during implantation and required a sizeable clockwise rotation of the injector while unfolding. The unfolding procedure of the acrylic Sulcoflex 653F IOL was smoother and more controllable. Mild pigment dispersion with no need of treatment was observed in 6 eyes in the refractive Sulcoflex 653F group and 2 eyes in the diffractive MS 714 PB Diff group. (Figures 4A-4B) . Low photopic contrast sensitivity measurement showed significantly better contrast sensitivity outcomes for the diffractive MS 714 PB Diff group at spatial frequencies of 6 CPD and higher without glare and at spatial frequencies of 6 and 12 CPD with glare (Figures 4C-4D) .
The defocus curves of both groups ( Figure 5 ) showed similar visual acuity at the vergences that correspond to distance and near vision. Statistically significant differences were found in the medium area and in the left and right outer areas, where the eyes in the diffractive MS 714 PB Diff group performed better. In the medium area, eyes of both groups obtained a median visual acuity of 0.40 logMAR (20/50 Snellen) or better.
The questionnaire was evaluated in patients who had bilateral implantation (refractive Sulcoflex 653F group: n = 16; diffractive MS 714 PB Diff group: n = 12). Three eyes of 3 patients had corneal astigmatism greater than 1.0 D or a capsular tension ring was required intraoperatively. One patient unfortunately died before finishing the follow-up of the fellow eye. The results concerning subjective quality of distance and near vision under different lighting conditions are shown in Figure 6 . In the diffractive MS 714 PB Diff group, 75% of patients did not experience visual disturbances at night, such as glare and halos, compared to 19% in the refractive Sulcoflex 653F group ( Figure  7) . Among patients who reported these phenomena, halos were predominant (50% in the refractive Sulcoflex 653F group; 17% in the diffractive MS 714 PB Diff group). Visual disturbances were described as minimal to mild in 36% and 33%, moderate in 57% and 67%, and moderately severe in 7% and 0% in the refractive Sulcoflex 653F and diffractive MS 714 PB Diff groups, respectively. None of the patients was severely disturbed by photic phenomena.
In the refractive Sulcoflex 653F group, 57% adapted slowly to visual disturbances, 14% adapted quickly, and 29% adapted very quickly. Two patients in the diffractive MS 714 PB Diff group said they adapted very quickly, but another reported not having adapted during follow-up and would not choose the same IOL again. All other patients of both groups would decide in favor of their IOLs again.
DISCUSSION
The basic optical properties of refractive and diffractive MIOLs have already been described in detail. 9, 10 With diffractive MIOLs, the ratio of light energy provided for near and far focus is not affected by pupil size in contrast to refractive MIOLs, which depend on pupil size. [11] [12] [13] In this study, the mean pupil size under high photopic conditions (100 cd/m 2 ) was significantly smaller in the refractive Sulcoflex 653F group (2.89 ± 0.50 mm) than in the diffractive MS 714 PB Diff group (3.17 ± 0.44 mm) (P = .006, Mann-Whitney U test). Indeed, corneal astigmatism was significantly higher in the diffractive MS 714 PB Diff group (P = .01, Mann-Whitney U test) as a result of the higher incision size and a corresponding higher surgically induced astigmatism in this group, but the difference No significant difference in mean UCVA and CDVA at all tested distances was found between the groups. Visual outcomes were good, with all eyes achieving UCVA of 0.3 logMAR (20/40 Snellen) or better at all distances. More precisely, the percentage of eyes reaching UDVA/ UIVA (1 m) of 0.1 logMAR (20/25 Snellen) or better was achieved by 94%/89% of the eyes in the refractive Sulcoflex 653F group and 97%/97% of the eyes in the diffractive MS 714 PB Diff group, respectively. Regarding near vision, the percentage of eyes achieving UNVA of 20/25 was higher in the diffractive MS 714 PB Diff group (88%) than in the refractive Sulcoflex 653F group (66%). These data are consistent with those reported in previous studies in which diffractive and refractive MIOLs were compared. For example, the AcrySof Re-STOR, which combines a diffractive and refractive design, performed similarly to the refractive ReZoom in terms of near and far vision.
14 In another comparative study by Cilino et al., 15 mean distance and intermediate visual acuities did not differ significantly between the fully diffractive Tecnis ZM900, the refractive Array SA40N, and the ReZoom. Only for mean distance corrected near visual acuity, where the diffractive MIOL performed better, was a statistically significant difference found. 15 As shown in the defocus curves, the visual acuity at the relevant vergences is similar in both groups. In near vision, the median visual acuity differed slightly between the groups, but no statistically significant differences could be found at a vergence of -3.0 D.
Compared to monofocal IOLs, it is generally acknowledged that contrast sensitivity after MIOL implantation might be reduced due to the overlap of two (or more) foci and the reduced amount of light that creates the distance focus. In our study, mean contrast sensitivity values in both groups were within normal range under high photopic conditions (85 cd/m 2 ) with and without glare. These data are in agreement with those reported with other MIOLs in a literature review by de Vries and Nuijts. 16 However, in our study the diffractive MS 714 PB Diff group performed significantly better than refractive Sulcoflex 653F group, particularly at spatial frequencies of 6 CPD and higher under all lighting conditions with and without glare. These findings correspond to a higher incidence of visual disturbances such as glare and/or halos in the refractive Sulcoflex 653F group.
An objective of the study was bilateral multifocality for all patients. Only bilateral implantations were included in the survey because participants had to assess their everyday life in the survey and only the binocular visual impression of the examined IOL should be compared. The subjectively experienced performance of both additional MIOLs was reflected in the answers of 16 patients in the refractive Sulcoflex 653F group and 12 patients in the diffractive MS 714 PB Diff group, with the majority of them reporting to be "very satisfied" or "satisfied" with their vision at all distances tested and under all lighting conditions. This was despite the perceived photic phenomena that were reported by numerous patients (81% in the refractive versus 25% in the diffractive group). These data are similar to those reported in previous studies comparing refractive and diffractive MIOLs. [16] [17] [18] [19] However, in our study the disturbances were scored merely as mild to moderate in most cases. In the majority of cases, patients adapted gradually to these photic phenomena over time (a detailed analysis of different adaptation periods was not performed in this study).
In the past, drawbacks with the so-called piggyback IOLs were mainly caused by contact of the two biconvex lenses followed by refractive deviations or the ingrowth of lens epithelial cells between the optics of the IOLs. None of those problems occurred in our study. The reason for this is the design of the modern additional IOLs with convex-concave lens optics and purpose-built haptics for sulcus-fixation.
In this study, only 'one-session' implantation was examined. However, additional sulcus-fixated IOLs also offer the possibility for subsequent correction of refractive errors after primary cataract surgery and/or the correction of pseudophakic presbyopia. Several studies with MIOLs 4-6 and other types of additional sulcus-fixated IOLs 1,2,7 have shown the efficacy and safety of this approach.
In comparison to IOL implantation into the capsular bag, there is less space for the unfolding procedure with additional IOL. Therefore, the injectors have to be inserted relatively deep into the anterior chamber, which allows a safe unfolding with an adequate distance control to corneal endothelium. Due to the different materials of the studied IOLs, we have experienced differences in manual handling. The Sulcoflex 653F lens unfolded markedly slower, which provided better control during the implantation process than with the MS 714 PB Diff lens and also resulted in a shorter learning curve. Furthermore, the acrylic lenses could be folded to a more compact size within the IOL injector, allowing for a smaller incision width.
Both types of supplementary MIOLs tested in this study performed without complications during the implantation process and postoperative course. All eyes achieved good UCVA at far, intermediate, and near distance, resulting in high patient satisfaction.
